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We demonstrate fast control of the interatomic interactions in a Bose-Einstein condensate by
coherently coupling two atomic states with intra- and inter-state scattering lengths of opposite signs.
We measure the elastic and inelastic scattering properties of the system and find good agreement
with a theoretical model describing the interactions between dressed states. In the attractive regime,
we observe the formation of bright solitons formed by dressed-state atoms. Finally, we study the
response of the system to an interaction quench from repulsive to attractive values, and observe how
the resulting modulational instability develops into a bright soliton train.
Attractive non-linear systems host rich physics. Prime
examples are solitons – self-bound states that propagate
without dispersion in one-dimensional geometries – and
modulational instability – the breakup of a periodic wave
into a train of such solitons [1, 2]. Bose-Einstein conden-
sates (BECs) with attractive interactions are an ideal
platform for the controlled experimental study of these
phenomena. Matter-wave bright solitons have been ob-
served in optical waveguides using 7Li [3–5], 85Rb [6–8],
39K [9], and 133Cs atoms [10, 11]. Furthermore, BECs
have been exploited to study bright soliton collisions [12],
to form quantum droplets – higher dimensional analogues
of bright solitons that are stabilized by quantum fluctu-
ations [13–18] – and to explore the modulational insta-
bility leading to the formation of soliton trains [19, 20].
A key ingredient of these experiments is the ability to
control the strength and sign of the interatomic interac-
tions in a time-dependent manner. Although normally
achieved using magnetic Feshbach resonances [21], the
limited temporal bandwidth of this method has stim-
ulated the development of complementary approaches
based on optical fields [22–26].
In this Letter, we demonstrate an alternative method
for controlling interactions in a fast and flexible manner.
In our scheme, two internal states of a BEC with differ-
ent scattering lengths are coherently-coupled exploiting
a radio-frequency (rf) field, which modifies the scatter-
ing properties of the corresponding dressed states. Until
now, this effect could only be observed indirectly through
the change of miscibility in binary BEC mixtures [27–29].
Here we show that exploiting a system with inter- and
intra-state interactions of opposite signs enables large
modifications of the elastic and inelastic scattering prop-
erties of these dressed states. They can be flexibly con-
trolled by adjusting the parameters of the coupling field,
also extending to the attractive regime. In this case, we
demonstrate the stabilization of bright solitons formed
by dressed-state atoms. Furthermore, we exploit the high
temporal bandwidth of this technique to quench the in-
teractions from repulsive to attractive values, and ob-
serve how the resulting modulational instability develops
into a bright soliton train.
We perform all experiments in the strong coupling
limit, where the Rabi frequency of the rf field Ω dom-
inates over all other energy scales of the problem and the
system is conveniently described by the dressed states
|−〉 = sin θ |↓〉 − cos θ |↑〉 and |+〉 = cos θ |↓〉 + sin θ |↑〉.
We refer to them as lower and higher dressed state, re-
spectively. The mixing angle θ fixes the composition of
the system in terms of the bare states |↑〉 and |↓〉. It
is given by cos2 θ = (1 + P )/2, where P = δ/Ω˜ is the
polarization parameter, δ the detuning of the coupling
field and h¯Ω˜ = h¯
√
Ω2 + δ2 is the energy gap between the
two dressed states, see Fig. 1(a). Here h¯ is the reduced
Planck constant.
To describe the interactions between dressed states,
we rewrite the interaction part of the Hamiltonian in the
dressed-state basis [30]. The resulting collisional cou-
plings account for processes which either preserve the
two-particle dressed state of the colliding atoms (elastic
processes), or modify it (inelastic processes). For a BEC
in state |−〉, inelastic collisions are energetically forbid-
den and only elastic processes remain. As shown in Fig.
1(b), they can be described through an effective scatter-
ing length a- - which depends on the scattering properties
of the bare states and on the composition of the system.
In contrast, for a BEC in state |+〉 both elastic and in-
elastic processes are relevant.
We implement these concepts with a 39K BEC at mag-
netic fields B ∼ 56 − 57 G. As atomic states we exploit
the mF = −1 and 0 magnetic sublevels of the F = 1 hy-
perfine manifold |↑〉 ≡ |F,mF 〉 = |1,−1〉 and |↓〉 ≡ |1, 0〉,
for which the intra-state scattering lenghts are repulsive
(a↑↑, a↓↓ > 0), and the inter-state scattering length is
attractive (a↑↓ < 0) [15, 16]. We coherently-couple the
two states with an rf field. For all experiments its Rabi
frequency Ω/2pi > 8 kHz. We prepare single dressed
states through Landau-Zener sweeps, starting from state
|↑〉 (unless explicitly stated otherwise) and ramping the
detuning δ at a rate ≤ 1 kHz/µs to its final value [31].
In a first series of experiments we focus on the elastic
scattering properties of the lower dressed state |−〉. They
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FIG. 1. Elastic scattering properties of the lower dressed
state. (a) Energy E of dressed states |−〉 and |+〉 vs. de-
tuning δ, normalized to the Rabi frequency Ω. Here ↑ and ↓
are the bare atomic states. Colorscale: state composition in
terms of P = δ/
√
Ω2 + δ2. (b) Sketch of the bare scattering
lengths involved and resulting effective scattering length a- -.
(c) Experimental value of a- - obtained by scaling σ
5
x/N (or-
ange circles, left axis) and P (gray squares, right axis) vs. δ.
Lines: theory predictions. Brown diamonds: numerical sim-
ulation of the expansion. Colorscale of the a- - curve: value
of P . Error bars: standard deviation from 5 independent
measurements.
are characterized by the effective scattering length a- - =
a↑↑ cos4 θ + a↓↓ sin4 θ + 12a↑↓ sin
2 2θ, and thus depend on
the state composition of the system via δ [30, 32].
We experimentally probe this dependency by per-
forming expansion measurements in an optical waveg-
uide. To this end, we prepare a BEC in state |−〉
with Ω/2pi = 20.0(6) kHz and variable detuning δ us-
ing a ramp rate of 0.83 kHz/ms. The magnetic field
is set to B = 57.280(2) G, for which a↑↑/a0 = 32.5,
a↓↓/a0 = 109, a↑↓/a0 = −52.9, and we always have
a- - > 0. Here a0 is the Bohr radius. After holding the
gas for 5 ms at the final detuning, we switch off the ax-
ial confinement abruptly, allowing it to expand for 21
ms along a single-beam optical dipole trap (radial fre-
quency ωr/2pi = 133(1) Hz). We finally image the gas in
situ using a polarization phase contrast scheme [15, 16]
and exploit the axial size of the cloud σx after expansion
to infer the scattering length a- - [34]. In the Thomas-
Fermi regime the two are related by a- - ∝ σ5x/N [35].
Although this approximation is not strictly valid for all
of our experimental parameters, we have verified by nu-
merical solution of the time-dependent Gross-Pitaevskii
equation (GPE) that estimating a- - through this scaling
law results in errors below our experimental uncertain-
ties.
Figure 1(c) shows our determination of a- - for vari-
ous detunings (circles), corresponding to different values
of the polarization parameter P (squares). We deter-
mine the latter by Stern-Gerlach separation of the bare
states during time-of-flight expansion, from which we ex-
tract P = (N↑ −N↓) / (N↑ +N↓). In order to correct
for systematic errors in the measurement and compare
the results to the scattering length a- -, we have scaled
σ5x/N to yield a↑↑ at large positive δ. Whereas for large
positive (negative) values of δ the effective scattering
length should approach a↑↑ (a↓↓), we expect a minimum
at δ/2pi = 6.5 kHz (P = 0.31) due to the attractive
character of the inter-state interactions a↑↓ < 0. This is
in good agreement with the experimental measurements.
The data at large negative δ are in fair agreement with
the limit a↓↓. It is also in this regime that the scal-
ing law yields the largest discrepancies with the GPE
simulations (diamonds) [36]. In conclusion, this method
provides tunability of a- - by more than 100 a0 without
introducing additional loss mechanisms.
Next, we consider the scattering properties of the
higher dressed state |+〉. There, besides elastic colli-
sions, two-body inelastic collisions leading to a change
of the two-particle dressed state are also allowed. For
our typical experimental parameters they limit the life-
time of the BEC to ∼ 1 ms. Fig. 2(a) sketches the
two possible inelastic processes: 1© |++〉 → |−−〉 and
2© |++〉 → (|+−〉+ |−+〉) /√2. Both lead to the cre-
ation of correlated atom pairs with opposite momenta.
They are accompanied by an energy release of either h¯Ω˜
or h¯Ω˜/2 per atom, corresponding to the energy gap be-
tween the two-particle dressed states. Similar processes
occur in Raman-coupled BECs [37].
To reveal these dressed state changing collisions, we
prepare rapidly (ramp rate 500 kHz/ms) a pure sample
of |+〉 atoms. We then immediately switch off the trap
and let the gas expand for a time texp. During the first 1
ms the rf field is kept on, allowing us to characterize the
decay processes in the absence of the trap. As depicted
in Fig. 2(b), the time-of-flight images reveal the presence
of halos of atoms expanding away from the condensate.
Since atoms in a BEC scatter with extremely low rela-
tive momenta, the halo radius RH at time texp directly re-
flects the velocity of the collision products vf = RH/texp.
Processes 1© and 2© can be distinguished because the ve-
locities are given by v1 =
√
2h¯Ω˜/m and v2 =
√
h¯Ω˜/m,
respectively. Here m is the mass of 39K. Experimentally,
we observe that the likelihood of the two processes de-
pends on the dressed state composition, and thus on δ.
Figures 2(c), (d) and (e) present a more systematic
study of these inelastic processes as a function of the pa-
rameters of the coupling field. Figure 2(c) depicts the
velocity of the atoms in each halo vs. Ω˜, determined by
measuring RH for different values of texp. Figure 2(d)
shows the measured halo radius as a function of δ. In
both figures, circles (squares) correspond to process 1©
(process 2©). The measurements are in excellent agree-
3FIG. 2. Inelastic decay of the higher dressed state. (a) Sketch of possible dressed state changing collisions 1©: |++〉 → |−−〉
(orange, solid arrows) and 2©: |++〉 → (|+−〉+ |−+〉) /√2 (green, dashed arrows). Energy E and momentum k are expressed
in terms of Ω˜ =
√
Ω2 + δ2 and kΩ˜ =
√
mΩ˜/h¯, respectively. (b) Measured momentum distribution of the collision products.
Images correspond to the average of 10 independent measurements. The likelihood of processes 1© and 2© depends on δ. (c)
Velocity of the scattered atoms vf vs. Ω˜. (d) Radius of the halos RH for an expansion time texp = 20.1 ms. (e) Fraction of
scattered atoms Nsc/N vs. δ [38]. Inset: Inelastic scattering rate Γ1,2 vs. δ for n = 1.3 × 1014 atoms/cm3. In (c), (d) and
(e) orange circles (green squares) correspond to process 1© ( 2©). Lines: theory predictions. Error bars: fit error (vertical) and
uncertainty of δ and Ω (horizontal).
ment with the theoretical predictions without any fitting
parameters (solid and dashed lines).
The scattering cross section of the two processes
strongly depends on detuning. This can be clearly seen
in Fig. 2(e), where we plot the fraction of atoms scat-
tered in each halo Nsc/N as a function of δ extracted
from the same set of images as Fig. 2(d). The rate
equation describing the evolution of the density in the
initial state reads n˙ = −2(Γ1 + Γ2)n = −2g(2)(σ1v1 +
σ2v2)(n
2/2). Here Γ1,2 are the inelastic scattering rates
for processes 1© and 2©, g(2) = 1 is the BEC two-
body correlation function, n2/2 is the density of atom
pairs, and σ1 = pi
[
(a↑↑ + a↓↓ − 2a↑↓) sin2 2θ
]2
/2 and
σ2 = 4pi
[(
a↑↑ sin2 θ − a↓↓ cos2 θ + a↑↓ cos 2θ
)
sin 2θ
]2
are
the corresponding scattering cross sections [30, 32]. Our
measurements agree qualitatively with the expected Γ1,2
line shapes, see inset. For a quantitative prediction,
the simultaneous reduction of n due to the 1 ms expan-
sion of the cloud (which depends on δ via a++) must
be taken into account. For δ ∼ 0, the expansion can
be neglected and σ2 ∼ 0, greatly simplifying the dy-
namics. In this regime, integration of the rate equation
yields N/Nsc ∼ 0.28 for an initial density n ∼ 1.3× 1014
atoms/cm3, in good agreement with the experiment.
After demonstration of the different collisional cou-
plings present in dressed BECs, we refocus on the lower
dressed state |−〉 and exploit the broad tunability of its
effective scattering length to explore attractively inter-
acting systems. In optical waveguides, this situation en-
ables the study of bright solitons: matter-wave packets
that propagate without changing their shape because at-
tractive non-linearities balance the effect of dispersion
along the unconfined direction. In coherently-coupled
systems, these solitons are formed by dressed atoms: we
call them dressed-state bright solitons. Compared to con-
ventional bright solitons, they are bound by an additional
mean-field attractive non-linearity which scales with den-
sity as an effective three-body force [39]. They are only
stable while the gas is effectively one dimensional, with
an interaction energy that remains below h¯ωr [40–42].
To observe this new type of bright soliton, we study the
dynamics of a BEC in state |−〉 after release in an optical
waveguide. The magnetic field is set to B = 56.000(2)
G, where a↑↑/a0 = 35.1, a↓↓/a0 = 57.9, a↑↓/a0 = −53.5,
and a- - can take negative values, see Fig. 3(a). We adia-
batically prepare the system at different detunings (ramp
rate 1 kHz/ms). For a- - < 0 we keep the initial atom
number below N ∼ 3000 to avoid collapse [43]. We then
remove the axial confinement in 15 ms, allowing for free
evolution in a waveguide. Fig. 3(b) shows in situ images
of the gas taken after an evolution time tg. Whereas for
δ/2pi = ±250 kHz the gas expands, as expected for a
repulsive BEC in states |↑〉 or |↓〉, for δ = 0 its shape
remains unchanged. Here a- -/a0 = −3.5 and we observe
the formation of a single dressed-state bright soliton.
In the last series of experiments, we explore the re-
sponse of the system to a quench of the effective scat-
tering length from repulsive to attractive values. As
demonstrated in recent experiments [19, 20], this trig-
gers a modulational instability in the BEC: a mechani-
cal instability where fluctuations in the condensate den-
4FIG. 3. Formation of a dressed-state bright soliton. (a) a- -
vs. δ. Near zero detuning a- - < 0. (b) In situ dynamics of
the gas after an evolution time tg in the optical waveguide.
For δ/2pi = 0 (a- -/a0 = −3.5) we observe the formation of
a self-bound bright soliton, whereas for δ/2pi = ±250 kHz
interactions are repulsive and the gas expands.
sity are exponentially enhanced by the attractive non-
linearity. Consequently, the gas splits into several equally
spaced components. The growth of the density mod-
ulation is dominated by the most unstable Bogoliubov
modes, which have characteristic momentum kMI ∼ 1/ξ.
Here ξ = aho/
√
4 |a- -|n1D is the healing length of the
BEC in the waveguide, aho =
√
h¯/mωr is the radial har-
monic oscillator length, and n1D is the line density of
the system before the quench. The characteristic length
and time scales of this process are λ = 2pi/kMI and
τMI = 2m/h¯k
2
MI, respectively. For t > τMI, each of the
components evolves into a bright soliton, forming a soli-
ton train [3, 44–47]. For a system of size L at the mo-
ment of the quench, the average number of solitons is
expected to be NS = L/λ from simple length scale argu-
ments [19, 20, 45].
Our experimental sequence is summarized in Fig.
4(a). The starting point of the experiment is a BEC
of 65(15)×103 atoms confined in a crossed optical dipole
trap [48]. At t = 0 we switch off the axial confinement
and let the atoms expand in the waveguide (radial fre-
quency ωr/2pi = 188(1) Hz) for tg = 11 ms, reaching a
size L ∼ 112µm. At this point, we abruptly change δ
(ramp rate 1 kHz/µs), effectively quenching the scatter-
ing length from 35.1 a0 to its final value. An additional
expansion time of 10 ms allows the development of the
modulational instability and the formation of a soliton
train [49], after which we image the cloud in situ.
Figure 4(b) shows the average number of components
observed per image NS as a function of the final detun-
ing [50]. Whereas the initial BEC has NS = 1, for all
values of δ such that a- - < 0 we measure NS > 1. The
maximum number of solitons in a train is observed at
δ/2pi = 2.3 kHz, which corresponds to the most attractive
value of a- -. Compared to previous experiments, where
interactions were controlled using a magnetic Feshbach
quench
expansion expansion
imaging
FIG. 4. Modulational instability and formation of bright soli-
ton trains. (a) Sketch of the experimental sequence and ex-
emplary in situ images. (b) Number of components observed
per image NS vs. δ after the quench (orange circles). Error
bars: standard deviation of 4 to 6 independent measurements
(vertical) and uncertainty of δ (horizontal). Orange line, left
axis: theory prediction NS = L/λ (shaded area: uncertainty
due to the systematic error in the atom number). Colored
line, right axis: a- - (colorscale: value of P ).
resonance [19, 20], our dressed-state approach enables
ramp rates orders of magnitude faster [51]. This ensures
a clear separation of timescales between the duration of
the ramp and τMI, and allows us to perform experiments
at more attractive interaction strengths. Our measure-
ments show that the prediction NS = L/λ remains valid
down to a- -/a0 = −4.2 (solid line).
In conclusion, we have demonstrated fast temporal
control of the collisional properties of rf-coupled 39K
BECs. In the attractive regime, we have observed the
formation of dressed-state bright solitons, and studied
how the modulational instability triggered by an interac-
tion quench develops into a bright soliton train. In future
experiments, we could exploit dressed state changing col-
lisions as a new source of correlated atom pairs [52–56].
We could also implement the coupling using optical Ra-
man transitions, which would not only provide spatial
control of the effective scattering length, but also allow
engineering of higher partial wave collisions with tunable
scattering amplitude [37]. Concerning attractive non-
linear systems, we could exploit the ability to perform
fast interaction quenches to study soliton excitations and
breathers [11, 57]. We could also explore the three-body
non-linearities predicted in rf-coupled BECs, which be-
come important for smaller Rabi couplings. When stem-
ming from quantum fluctuations, they are repulsive and
should stabilize new types of quantum droplets [58, 59].
Finally, due to their lack of Galilean invariance, Raman-
coupled systems should enable the observation of chiral
bright solitons [60].
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